The cortical organization of language in bilinguals remains disputed. We studied 24 right-handed fluent bilinguals: 15 exposed to both Mandarin and English before the age of 6 years; and nine exposed to Mandarin in early childhood but English only after the age of 12 years. Blood oxygen level-dependent contrast functional magnetic resonance imaging was performed while subjects performed cued word generation in each language. Fixation was the control task. In both languages, activations were present in the prefrontal, temporal, and parietal regions, and the supplementary motor area. Activations in the prefrontal region were compared by (1) locating peak activations and (2) counting the number of voxels that exceeded a statistical threshold. Although there were differences in the magnitude of activation between the pair of languages, no subject showed significant differences in peak-location or hemispheric asymmetry of activations in the prefrontal language areas. Early and late bilinguals showed a similar pattern of overlapping activations. There are no significant differences in the cortical areas activated for both Mandarin and English at the single word level, irrespective of age of acquisition of either language.
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The cerebral organization of bilinguals with respect to language is still disputed, despite many investigations with different modalities. We sought to clarif y our understanding of cerebral areas involved in single word processing in different languages by asking two questions. Does the processing of Mandarin, an ideographic script, activate brain areas that are distinct from those activated by English, an alphabetic script? Does early versus later acquisition of a second language affect the f unctional anatomy of language processing?
A case for interhemispheric differences in localization for first (L1) and second (L2) languages is based on reports of the differential language deficits observed in a minority of patients with stroke (Albert and Obler, 1978; Paradis, 1995) and a functional magnetic resonance imaging (fMRI) study (Dehaene et al., 1997) . Intrahemisphere differences in where L1 and L2 are processed are suggested by electrical stimulation (Ojemann and Whitaker, 1978) and f unctional neuroimaging (K im et al., 1997; Perani et al., 1996) .
That most bilingual or polyglot patients with stroke sustain equal deficits in all languages, however, suggests common or significant overlap in the cortical organization of L1 and L2. This is supported by a pair of positron emission tomography experiments using single word tasks (K lein et al., 1994, 1995) . Common areas within the left frontal region were activated in within-and across-language lexical searches in French and English (Klein et al., 1995) . Do some languages have special processing requirements? Processing of American Sign Language was associated with right hemisphere activations, in addition to classical left hemisphere activations (Neville et al., 1998) . English, in contrast, did not produce right hemisphere activations, and the authors suggested that the additional activations were attributable to the temporal coincidence of language information and visuospatial decoding. Because Mandarin has an ideographic script requiring one to memorize the phonology and meaning of each character to vocalize and comprehend, it may be expected to require processing resources distinct from English. Sentence processing is more complex than single word processing. Intrahemispheric and interhemispheric differences in activation between L1 and L2 in sentence level studies that are not observed with single word studies may be partly a result of differences in syntactic processing. Because words are the building blocks of sentences, it is preferable to probe for languagespecific processing requirements at single word level before seeking these at the sentence level.
We also studied the cortical organization of L1 and L2 as a function of when L2 was acquired. Several lines of evidence suggest that the early acquisition of language produces better linguistic competency and that the organization of L2 may be affected by age of acquisition (Harley and Wang, 1997) . We reexamined the issue of a change in cerebral plasticity with regard to language acquisition by comparing subjects who were naive to English before the age of 12 years with a group who were English-Mandarin bilingual before the age of 6 years.
MATERIALS AND METHODS

Subjects.
A total of 24 healthy right-handed subjects who were bilingual in English and Chinese participated in this study. (Mandarin is the dialect of Chinese we used in this study. The written form of the Chinese language is the same for all dialects, but the spoken form is different for each dialect. The word "Chinese" is used when reference to dialects other than Mandarin may be involved.) Subjects were recruited on a voluntary basis and gave written, informed consent.
Each subject completed a language background questionnaire and a modified handedness questionnaire. All subjects use English and Mandarin daily. Singaporean subjects scored at least a "B" grade in both languages at the middle and high school levels. Before the experiments, subjects were tested on a set of stimuli similar to those used during the experiment.
Fifteen early bilinguals (EB) were exposed to both English and Chinese in spoken, as well as written, form by the age of 6 years. These comprised individuals who were exposed to English before Chinese or vice versa and were ethnic Chinese born and raised in Singapore. Although 11 of these subjects listed Mandarin as L1, 13 presently use English most frequently. Nine late bilinguals (L B) comprised persons from the People's Republic of China whose first exposure to English occurred at or after the age of 12 years. Until they lived in Singapore, these late bilinguals had their English language skills heavily biased toward reading and writing, in contrast to listening and speaking. Indeed, for most of these subjects, writing skills in English still remain superior to speaking and listening skills. English aside, another concern was that although Mandarin has a common orthography, the phonology of Chinese from different regions in China is different. Further, the intonation of Mandarin and English by our two subject pools is different. There is evidence that segmentation of speech sounds occurs according to templates built during initial exposure to spoken words (Kuhl, 1994) . The fitting of unfamiliar pronunciation to such templates to comprehend "foreign" accents may unwittingly add to processing load. Our use of visual word tasks sought to circumvent these confounds.
Apparatus and scanning procedure. Scanning was performed in a 2.0T Bruker Tomikon S200 system (Bruker, Kalsruhe, Germany). A gradientecho EPI sequence with the following parameters was used: effective echo time, 40 msec; repetition time, 2000 msec; field of view, 22 ϫ 22 cm or 23 ϫ 23 cm depending on subject head size; a 128 ϫ 64 pixel matrix (128 pixels in the anteroposterior direction); 17 contiguous oblique axial slices 4-mm-thick (skip 2 mm). Six hundred images were collected at each of the slice locations in six separate imaging runs. High-resolution T1-weighted anatomical reference images were obtained as a set of 128 contiguous axial slices using a three-dimensional spoiled gradient-echo sequence. Head motion was reduced using a "bite bar" system (Institute of Materials Research Engineering, Singapore).
Stimuli and activation task s. Word stimuli were presented through a fiber-optic projector system (Avotec, Jensen Beach, FL). Mandarin and English words were presented as text items using Chinese Language K it (Apple Computer, Cupertino, CA) and MacStim (Dave Darby, Melbourne, Australia) software. There were two variations of the word task.
In experiment set 1, nine EB subjects silently completed word stems (for example, "cou" for "couple") (Buckner et al., 1995) when they were presented English word stems and to complete a compound word in Mandarin (Fig. 1) . Word stems or single Mandarin characters were displayed for 1 sec, followed by fixation for 1 sec. Blocks of 15 stimuli were separated by 20 sec of fixation on a small cross. Each "run" comprised two blocks of Mandarin words, two blocks of English stimuli, and four blocks of fixation. Presentation of English (E) and Mandarin (M) stimuli was counterbalanced (M EM E and EM EM), and six runs of stimuli were performed by each subject.
In experiment set 2 comprising six EB and nine L B subjects, the block design was identical to set 1. Word stimuli were exposed for 1.5 sec instead of 1 sec. The total time between successive stimulus presentations remained 2 sec. English word stems were to be completed from the left only, e.g., "
ter," could be completed by making the word "water." Mandarin partial characters containing a right-hand radical were presented, and the subject filled in the left-hand radical.
The first task design paralleled that used in previous studies in English because we wanted to see whether our results would concur with activations reported in previous studies (Buckner et al., 1995; Ojemann et al., 1998) . Although the compound two-character Mandarin word generated represents a single concept, it may be criticized as not being a true single word task. The second task also requires lexical access but allows for a closer between-language comparison. Both of these tasks are not perfectly matched linguistically. However, compared with verb generation in which "code switching" can occur, cued word generation constrains one to think in the desired language.
Image processing and data anal ysis. Images were processed using MedX 2.11 (Sensor Systems, Bethesda, MD) after a phase correction to minimize Nyquist ghosts. fMRI images were motion corrected using Automated Image Registration (AIR) (Woods et al., 1992) . To reduce the effect of variation of MR signal between runs, the resulting motioncorrected images were globally normalized to an empirically determined median value of 6500 units.
Skull stripping of anatomical images was performed with a semiautomated segmentation utility. These images were then transformed into Talairach space using a linear scaling method, and the transformation matrix was saved. The first time point of the normalized motioncorrected images was then registered to the high-resolution skullstripped anatomical image using AIR. The transformation matrix for this procedure was saved.
Functional images were grouped into English, Mandarin, and fixation groups. Images were shifted 4 sec to allow for a time lag in the rise of blood oxygen level-dependent signal after presentation of word stimuli. Unpaired t tests were then applied to the groups of images. Three comparisons using a boxcar f unction to model subject response were made: English versus fixation, Mandarin versus fixation, and English versus Mandarin. A Z-score threshold of 5 was used to generate activation maps. Activated voxels in regions of interest were checked to see whether there was an appropriate time-locked variation in MR signal in relation to stimulus presentation.
Z-score maps were transformed into Talairach space and f used to the high-resolution anatomical images. Voxels showing peak statistical values were detected, and these were compared across the two languages. Images were then imported into Photoshop (Adobe Systems, San Jose, CA) in which a rectangular image mask in the frontal regions covering slices from Z values of 12-34 mm was placed in an overlying layer. Voxels exceeding a statistical threshold of a Z value of 5 and that were within the bounds of this mask in the lateral frontal regions were counted. An asymmetry index (AI) of activated voxels was calculated for each language (Binder et al., 1996) . Correlation was computed for English and Mandarin asymmetry indices in EB and L B groups using Statview 4.5 (Abacus Concepts, Berkeley, CA). Despite the potential for engaging different cognitive components, inspection of the activation maps obtained from EB subjects showed a similar pattern of activation in the two experimental tasks, except that set 2 resulted in less temporal activation. Given this and our primary focus on intrasubject consistency in language organization, we pooled data from experiment sets 1 and 2 in computation of correlation.
RESULTS
The pattern of brain activations seen in response to Mandarin words was strikingly similar to that seen for English words (Tables  1, 2 ). This was true of EB, as well as LB, subjects (Fig. 2 A, B) .
Activations of the prefrontal region involving the rostral middle and inferior frontal gyri [Brodmann's area (BA) 44/45, 46/9], the supplementary motor area, and bilateral occipital and bilateral parietal regions (BA 7) were similar to those reported previously (Buckner et al., 1995; Ojemann et al., 1998) , although the word task was somewhat different. Temporal activations were seen in some subjects (Fig. 3) . Five subjects showed modest activations in the posterior temporal region (BA 22/21). In addition, two subjects showed activations in the anterior temporal pole (BA 38). Basal temporal area (BA 37) activations in region of the posterior fusiform gyrus were observed in 10 subjects. The location of peak activations in both languages within the left prefrontal region coincided completely in 20 of 24 subjects, and in the remaining four subjects, the interpeak distances were always Ͻ4.5 mm (Table 1) . Of the latter four subjects, two were EB and two were L B. The plot of the AI for Mandarin against that for English showed a good correlation between the two variables within subjects. This was true of EB (Pearson correlation coefficient, 0.91) and L B (Pearson correlation coefficient, 0.91) groups (Fig. 4 A, B) . These data suggest that any asymmetry of brain activations during word generation was similar for both languages.
When they occurred, temporal activations showed an overlap in the activation maps, but we did not analyze these in detail because not all subjects showed activation in these regions. Although the correspondence between English and Mandarin activations was significant in all subjects, in some, the number of pixels activated above threshold in one language was greater than in the other language (Table 1) . The difference in extent of activation was not related to the order of the subject's acquisition of languages.
ANOVA showed no significant effect on the extent of activation (number of activated voxels) for either age of exposure to L2 (early vs late; F (1,44) Ͻ 1; NS) or language (English vs Mandarin; F (1,44) Ͻ 1; NS). There was no significant interaction between these two factors (F (1,44) Ͻ 1; NS).
The distribution of AI in both EB and LB is comparable to data gathered for other fMRI-based Wada tests (Desmond et al., 1995; Binder et al., 1996; Lex et al., 1998) , suggesting that the brains of bilinguals are no less asymmetrically organized than monolinguals.
DISCUSSION
Our findings support the hypothesis that common cortical areas are activated when fluent Mandarin-English bilinguals perform Subjects' language backgrounds, the locus of peak activations in the left prefrontal region, and the extent of activation in voxels. The number in parentheses after a subject's initials indicates the experimental protocol used: 1, experiment set 1; 2, experiment set 2.
cued word generation. This is true of early, as well as late, onset bilinguals. This in no way contradicts observations that differences in processing of L2 may differ according to the age of initial exposure to L2 (Weber-Fox and Neville, 1997) . We emphasize the location and not the nature of word processing. Multiple factors are postulated to determine the cortical localization of language in bilinguals (Vaid, 1983) . These include tonality, direction of script, type of script, manner of L2 acquisition, stage, and age of L2 acquisition. Studies on dysphasia in Japanese suggest a difference in interhemispheric organization of ideographic and phonetic scripts (Kawamura et al., 1989) . However, earlier work based on lesion, tachistoscopic, dichotic listening, or visual half-field presentation data did not directly look at the entire network of language-related areas simultaneously.
Right hemisphere involvement in processing of L2 has been suggested. However, evidence from Wada testing and electrical stimulation point to L2 representation in left hemisphere areas, similar to that seen in monolinguals (Paradis, 1997) . Our data does not support a special role for the right hemisphere in the processing of single words in Mandarin. There were individuals in our study who had right frontal language activations. However, in each case, the extent to which this was so was similar for both languages.
A different brain organization for L1 and L2 in some individuals was suggested by Dehaene et al. (1997) , who showed a dissociation of areas active during auditory sentence comprehension of French and English. Some subjects showed only right hemisphere activations in L2. Suggested explanations for these findings include the following: the use of different strategies for language processing in L1 and L2, an intrinsic difference in brain organization for L1 and L2 based on processing requirements, and a loss of cerebral plasticity of left hemisphere language areas when L2 is acquired later. Our results persuade us to reject the suggestion that there is a difference in brain organization between L1 and L2.
Several reasons led us to focus our attention on the prefrontal regions in the data analysis. First, these were the most robust of activations seen in the language areas and allowed for between language comparisons in all subjects. Second, this area contributed solely or heavily to the computation of asymmetry indices in noninvasive fMRI-based tests of language lateralization (Desmond et al., 1995; Binder et al., 1996) . Third, differences in the cortical organization of language in early and late bilinguals were shown in the frontal (Kim et al., 1997) but not temporal (Kim et al., 1997; Perani et al., 1998) regions.
The posterior temporal region was not consistently activated with our task. At the single word level, experiments showing more (Wise et al., 1991; Demonet et al., 1992; Warburton et al., 1996) and less (Ojemann et al., 1998; Chee et al., 1999) robust posterior temporal activations have been reported. The choice of probe and control tasks (Warburton et al., 1996) are important determinants of the pattern of language activations seen. Activation of the posterior temporal area may also be modulated by syntactic difficulty, as well as frequency, of the nouns used in sentence 
B, Activation in both languages; b, minor activation in both languages; e and m, minor activations seen with either English or Mandarin, respectively. BA 22/21. Activations involving the posterior superior temporal gyrus and the middle temporal gyrus; BA 38, anterior temporal pole; BA 37, basal temporal language area; BA 47, inferior and anterior portions of the inferior frontal gyrus; BA 44/45, inferior frontal gyrus; BA 9/46, dorsolateral prefrontal cortex; BA 6, premotor cortex.
stimuli (Just et al., 1996; Keller et al., 1998) . Sentence level analysis of language includes propositional and pragmatic analysis, which can be performed using different strategies. Greater parietal activation resulted from the use of a visual rather than verbal strategy in an experiment in which subjects read a sentence describing the spatial arrangement of two simple objects, examined a picture, and then indicated whether or not the picture was described by the sentence (Reichle et al., 1998) . Persons less fluent in L2 may use pragmatic and metalinguistic knowledge to comprehend and generate sentences (Paradis, 1997) . We postulate that differences in strategy or handling of syntactic complexity may contribute to more extensive or topographically distinct activations seen with L2 in sentence level studies. Although there exist individuals who acquire L2 at age 16 years or later and have native or near native accuracy in L2 tasks (White and Genesee, 1996) , it is generally accepted that it is easier to acquire L2 and to do so more competently if one is exposed to it earlier (Harley and Wang, 1997) . Behavioral and ERP data also suggest that in Chinese -English bilinguals, some aspects of sentence anomaly detection differ according to age of initial exposure to English (Weber-Fox and Neville, 1997) . However, there is no a priori reason to expect a different cortical organization of L2 to account for these differences in processing. The similarity in activations seen in early and late bilingual subjects argues against a change in cerebral plasticity for language with age in terms of where (rather than how) word processing occurs.
There are several possible reasons for the difference in our results compared with previous studies (Dehaene et al., 1997; Kim et al., 1997) . Fluency in both languages has been shown recently to be an important factor in the cerebral organization of language (Perani et al., 1998) . Learning English in a formal manner in school and the use of both languages in daily life in similar contexts may also favor a common organization of L1 and L2 (Vaid, 1983) . The use of visually presented stimuli also obviates processing differences arising from language-specific auditory segmentation of spoken words (Mehler et al., 1994 ).
Our results alone should not be regarded as completely debunking the notion that L1 and L2 are organized differently. Activation of the prefrontal areas highlights higher, lexical, and generative aspects of language. In contrast, the incompletely revealed inferior temporal region is known to participate in earlier stages of word recognition (Nobre et al., 1994) . The 10 cases who had fusiform gyrus activations showed overlap in activations across languages, but it is conceivable that the remaining subjects may use slightly different areas for recognition of Mandarin (ideographic) and English (alphabetic) scripts. At present, there is no clear answer to this issue; an fMRI study in which subjects were instructed to read and understand Kanji and Kana characters showed subtle differences in the location of activation of the inferior temporal cortex (Makabe et al., 1997) . Visual search procedures for Mandarin and English may be script-specific (Green et al., 1996) . On the other hand, Braille and English both activate common areas in BA 37, suggesting that this area is a convergence region for symbolic representations (Buchel et al., 1998) . A recent magnetoencephalogram study in which subjects were presented with Kanji and Kana words (Koyama et al., 1998) also showed that the locations of equivalent current dipoles to Kanji and those to Kana did not differ at any recording site.
Given the caveats discussed, we conclude that cued word generation, even with orthographically distinct scripts, can result in the activation of common cortical areas within the left hemisphere. 
